Mice and rats were experimentally infected with Pasteurellaceae isolated from mice, rats, hamsters and gerbils. Mice and rats were most heavily colonized by strains originally isolated from mice and rats respectively, and to a lesser extent by Pasteurellaceae from hamsters and gerbils. Colonization was generally accompanied by seroconversion. Gross pathology of the lungs was not observed. We conclude that Pasteurellaceae-free SPF mice and rats can be colonized by members of this bacterial family present in other rodent species.
Members of the family Pasteurellaceae
Pohl 1979 (Mannheim 1984) show a remarkable degree of species-specificity in colonizing hosts (Kilian & Frederiksen 1981) . Although Pasteurellaceae have been isolated frequently from both healthy and diseased laboratory rodents, notably from mice and rats, host-specific parasitism of P. pneumotropica and related bacteria has hardly been studied. Morphological and biochemical differences between P. pneumotropica strains according to rodent species of origin, have not been reported. However, antigenic differences between mouse and rat strains of P. pneumotropica have been suggested (Nakagawa & Saito 1984) and we found differences in the haemagglutinating activity between mouse and rat strains of P. pneumotropica (Boot et a1. 1993a) . The present report describes Correspondence to: Dr R Boot Accepted 18 May 1993 bacteriological, serological and pathological observations in SPF mice and rats which were experimentally infected with Pasteurellaceae isolated from mice, rats, hamsters and gerbils. Our study was aimed at increasing insight into the epidemiology of pasteurellosis in mouse and rat colonies.
Materials and methods

Bacteria
Pasteurellaceae included in this study are listed in Table 1 ; U roo.. .•...
c:
2.~a .~I II ' " •.. were isolated from healthy or diseased laboratory animals as described (Boot et a1. 1986 ). The morphological and biochemical characteristics of all strains have been described IBoot et 01. 1993a l. Bacterial suspensions used in experimental infections were prepared from frozen stock suspensions by inoculation onto plain sheep-blood agar (SBA) (incubated 18h, 37°C, aerobically) and subcultivation of 4 to 5 colonies in nutrient broth [incubated 6 h, 37°C, aerobically). A volume of 0.2 ml of the broth culture was seeded onto 5 SBAs (incubated 18h, 37°C, aerobically). Growth was harvested using a spatula and suspended into 10ml of phosphate buffered saline (PBS)pH 7.2. This suspension was washed 3 x by centrifugation (3000g, 20 min) in PBS pH 7.2 and resuspended in 0.07 M PBS pH 7.2 to a final concentration of about 10 5 to 10 6 cfu/ml, using nephelometry.
Experimental design
Three to 4-weeks-old female random bred N: NIH mice and Riv: TOX rats were used. They were obtained from a strictly barriermaintained SPF colony, which had no evidence of infection by Pasteurellaceae by cultural monitoring and other [potentially) pathogenic rodent viruses, bacteria, Mycoplasma sp or parasites for more than 10 years (Staphylococcus aureus, Clostridium perfringens and Pseudomonas aeruginosa were present). A pelleted diet for rodents (SRM-Hope Farms BV, Woerden, The Netherlands) was fed to the animals ad lib. Tap water was available ad lib.
Mice were kept separate from rats in all experiments. In the experiments using strains 1 to 3, 10 mice and 10 rats, were housed within (separate) stainless steel isolators. They were bled via punction of the retro-orbital venous plexus under ether anaesthesia and intranasally (Ln.) inoculated with 0.2 ml of a bacterial suspension (10 5 to 10 6 cfu/ml). Seven days post inoculation (pj.), 4 animals per group were bled and cultured for the presence of the Pasteurellaceae strain given. All remaining 6 Ln. inoculated animals were bled at 3, 5 and 7 weeks pj. for serological studies and were examined at 7 weeks pj. for gross pathological lung lesions and the presence of Pasteurellaceae. Ten days p.i., in all experiments 18 SPF animals were housed with the 6 remaining intranasally infected animals (2 inoculated and 6 newly introduced animals (same species) per Macrolon® type ill (mice) or IV (rats) filtertop cage), to study 'natural' transmission of Pasteurellaceae. Six animals per group (2 per cage) were bled and examined for gross respiratory tract pathology and cultured at 3, 5 and 7 weeks after housing with their Ln. inoculated counterparts.
In the experiments using strains 4 to 12, 6 mice and 6 rats were Ln. inoculated as described and housed in Macrolon® type ill filtertop cages (2 animals per cage). The animals were bled and examined for gross pathological lung lesions and the presence of the bacterial strain given, as described above.
Bacteriology
From all individual animals samples from the nasal cavity, the nasopharynx, the trachea and the caecum were taken using sterile Pasteur pipettes. All samples were inoculated onto plain SBA containing 2 ",g/ml clindamycin.HCI (Garlinghouse et a1. 1981) . Both lungs were cut and the surfaces obtained were smeared onto an SBA. All SBAs were incubated aerobically for 48 h at 37°C. Cultural and biochemical characterization of Pasteurellaceae suspected growth was performed according to Mannheim et a1. (1980) .
Serology
Micro-agglutination [MAl test: all mouse and rat sera were tested for the presence of agglutinating antibodies to the bacterial strain used for infection as described (Boot et a1. 1993b) . In these autologous assays sera were 2-fold serially diluted until a final dilution of 1: 2048. The antigen dilution to be used was estimated in the autologous assay by performing a chessboard titration using 2-fold antigen dilutions and 2-fold autologous antiserum dilutions. The dilution of the antigen yielding the highest antibody titre with its autologous antiserum, was used. Antisera and negative control sera from N: NIH mice and Riv: TaX rats were run in duplicate in each test. Titres > 2 (1st dilution step) were considered to be positive.
ELISA: mouse and rat sera from experiments using strains 5 and 7 to 12 were tested for the presence of homologous antibodies to P. pneumotropica strain NCTC 8284 in an ELISA (Boot et a1. 1994) . Sera from the experiments using Pasteurella sp strain 6, were tested for autologous antibodies, since, contrary to all other strains used, no cross-reactivity exists between this strain and P. pneumotropica NCTC 8284 (unpublished observations). Sera from other experiments were not left for ELISAtesting.
Briefly, sera were diluted 1: 50 and 100JLI volumes were tested in duplicate with the P. pneumotropica or Pasteurella sp antigen respectively. Peroxidase conjugates used were goat anti-mouse Ig and goat anti-rat Ig lCappel, Malvern, USA). Absorbances were read using a Titertek multiscan at 450 nm. Optimal antigen and conjugate concentrations to be used were pretested by chessboard titrations with different dilutions of the antigen and the conjugate. Control wells coated with the antigen and exposed to the substrate and the stopping reagent only, were used to blank the reader. Three negative sera and antisera from N: NIH mice and from Riv: TaX rats were run in duplicate in each test. The ELISAwas considered positive when the optical density (00) values (extinctions) of a serum dilution exceeded the mean + 3 SO of the mean of the ODs observed in the negative control sera.
Statistics
Since some animals remained seronegative after i.n. inoculation, a degree of serocoversion was calculated for each group of animals tested. In the MA test, the median of the titre in the sera of 6 animals at 6 weeks pj. was divided by the mean 133 titre in the negative control sera. In the ELISA,the median of the 00 in the sera of 6 animals at 6 weeks pj. was divided by the mean OD in the negative control sera.
Differences in cultural results between groups of animals were tested using the Chi-square test. Tests were performed using the EPISTAT statistical package run on a personal computer.
Results
Bacteriology
At 7 weeks after intranasal inoculation, Pasteurellaceae were recovered from 10 of the 12 groups of mice and from all groups of rats (Table 1) . Respiratory tract and caecal colonization were both observed in 8 of the groups of mice. All groups of rats showed respiratory tract colonization, whereas caecal colonization was observed in 5 of them. In mice the presence of Pasteurellaceae in the lungs was detected occasionally. In rats, Pasteurellaceae were recovered from the lungs in about 50% of the animals.
Pasteurellaceae were significantly less frequently recovered from mice than from rats lx 2 = 15.0, d.f. = I, P<O.OOl). The number of mice from which Pasteurellaceae were recovered from the respiratory tract was significantly lower than the number of rats showing positive cultures from the respiratory tract (x 2 = 24.3, elf = I, P<O.OOIj. The number of mice from which Pasteurellaceae were recovered from the caecum did not differ significantly from the number of rats showing positive cultures from this sample site (x 2 = 1.2, df = I, P=O.27). In mice, Pasteurellaceae were cultured from the respiratory tract and the caecum with similar frequency Ix 2 =0.3, df= I, P=O.6L but in rats the bacteria were recovered significantly more frequently from the airways than from the caecum Ix 2 =44.5, elf = I, P= <0.001).
From the i.n. inoculated mice, P. pneumotropica strains originally isolated from mice, were slightly more frequently recovered than Pasteurellaceae coming from hamsters [x 2 =3.5, df=l, P=0.06L Two strains, one from a rat (no. 4) and one from a gerbil (no. lOL were not recovered from mice. No significant differences were observed between the frequencies in which Pasteurellaceae originating from mice, rats and hamsters could be recovered from rats, but gerbil strains were recovered somewhat less frequently than strains from the other rodent species (X2 = 2.4, d.f. = I, P = 0.12).
Mice and rats housed with P. pneumotropica infected counterparts (strains 1 to 3L and examined after 3, 5 and 7 weeks, were all positive on cultural examination and showed a similar pattern of colonization compared to that observed in the Ln. inoculated animals [data not shown).
Serology
Mice showed pre-existing agglutinating antibodies to Pasteurella sp strain 6. Agglutinating antibody titres [ Table 2 ) increased in the 3 groups of mice which were inoculated with mouse strains of P. pneumotropica and in the group which was inoculated with P. pneumotropica rat strain 5. No agglutinating antibodies were found in mice which were inoculated with Pasteurellaceae from hamsters and gerbils. Groups of mice housed with P. pneumotropica Ln. inoculated counterparts and sampled after 3, 5 and 7 weeks, all showed seroconversion to autologous antigen in the MA. No clear differences were observed in the degree of seroconversion in Ln. inoculated mice and mice housed with them (data not shown).
Using the ELISA, seroconversion was found in 4 of the 8 groups of mice examined. One of the 4 seronegative groups of mice was the culture negative group that was Ln. inoculated with P. pneumotropica strain 10 (Table 1) .
Rats showed pre-existing agglutinating antibodies to Pasteurella sp strain 6. Most groups of rats showed a clear increase in agglutinating antibody levels. No serological response in the MA test was found after i.n. inoculation with Pasteurella sp hamster strain 8. All other groups of rats housed with Pasteurellaceae i.n. inoculated counterparts and sampled after 3, 5 and 7 weeks, showed seroconversion to autologous antigen in the MA test. No clear differences were observed in the degree of seroconversion between i.n. inoculated rats and rats housed with them (data not shown).
Using the ELISA,seroconversion was found in all groups of rats examined.
Pathology
Postmortem examination of the lungs of mice and rats did not reveal any gross pathological lesions.
Discussion
As in other studies (Brennan et a1. 1965 , Casillo &. Blackmore 1972 Mniz et a1. 1980) , we recovered P. pneumotropica and other Pasteurellaceae from the upper respiratory tract of experimentally infected mice and rats (Table 1 ). In rats, but not in mice, the presence of Pasteurellaceae in the lungs seemed to be more common than in feral counterparts (Boot et a1. 19861 .As in other studies (Brennan et a1. 1969 , Burek et a1. 1972 , Schulz et ai. 1977 , Boot et a1. 1986 ), gross pathological lung lesions were not observed. This might be partly explained by the fact that we used SPF animals that were (serologically) free of rodent viral and mycoplasmal infections, since concomitant viral or mycoplasmal infection might be necessary to develop pneumonia (Jakab &. Dick 1973 , Carthew &. Gannon 1981 .
The presence of P. pneumotropica in the intestinal tract has been reported in laboratory mice and rats (Moore et ai. 1973 , Hong &. Ediger 1978 , Gialamas 1981 . Intestinal colonization by Pasteurellaceae in the SPF mice and rats used in this study might at least partly result from a limited colonization resistance resulting from the loss of 'normal' enteric flora upon rederivation and subsequent association with a modified flora.
We did not examine the vaginal mucosa for the presence of pasteurellaceae, which is a pity since P. pneumotropica has been reported to colonize this body site with high incidence (Yamada et ai. 1983 , Wullenweber-Schmidt et ai. 1988 ) and from the uterallumen [Kunstyr, personal communication) .
Our serological data [ Table 2 ) suggest that i.n. inoculated rats developed higher 135 levels of agglutinating antibodies than mice. Our findings in mice agree with previous reports (Jawetz &. Baker 1950 , Hoag et ai. 1962 , indicating low levels of agglutinating antibodies in healthy animals. It remains unclear why no agglutinating antibodies were found in the rats which were colonized by Pasteurella sp hamster strain 8. Insensitivity of the micro-agglutination test used in this study, compared with the ELISA, does not seem to be a good explanation for this negative serological finding. We are not aware of previous studies on the development of agglutinating antibodies to Pasteurellaceae in rats.
The pre-existing agglutinating antibodies to Pasteurella sp strain 6 in mice and rats, can be considered as aspecific and to be of maternal origin, since Pasteurellaceae were not detected by cultural methods and the ELISAin the breeding colony of both species and both in mice and rats, these agglutinating antibodies became undetectable between 12 and 17 weeks of age and returned to detectable levels in older animals (unpublished observationsl.
ELISAresults in most groups of mice (Table 2) , generally agree with cultural findings. The single culture negative group of mice tested remained seronegative, and the 4 groups containing several culture positive animals (Table 2: expo 5, 7, 8 and 11), showed seroconversion. The fact that no seroconversion was found in the single culture positive mouse in each of the experiments with strains 6, 9 and 12 [data not shown), suggests accidental bacterial contamination e.g. during processing of samples or a very limited extent of colonization. A good correlation between serology and culture was also described for mice which were i.n. inoculated with a mouse isolate of P. pneumotropica (Wullenweber-Schmidt et a1. 1988) . So far tested, in all groups of rats ELISAresults were in agreement with cultural findings. Our overall cultural and serological findings (Tables 1 and 2), indicate that both mice and rats can become colonized by Pasteurellaceae present in other rodent species. This agrees with findings by Nakagawa et a1. (1981) , who reported that after i.n. inoculation, P. pneumotropica strains from mice were able to colonize rats. However Nakagawa et a1. (1981) reported the 'natural' transmission of the infection from inoculated rats to uninfected rats to be difficult. They found that rat strains were able to colonize mice to a limited extent, and 'natural' transmission to uninfected mice occurred with 3 of the 8 strains only. We did not study 'natural' transmission of rat strains of P. pneumotropica in mice, but our study revealed that all 3 P. pneumotropica mouse strains inoculated into rats were 'naturally' transmitted easily to uninfected counterparts housed with them (data not shown). Our data (Table 1) suggest that rats are more likely to become colonized by Pasteurellaceae from other rodent species than mice.
Our findings seem to contrast the widely accepted concept of species-specificity of colonizing hosts by many of the Pasteurellaceae (Kilian & Frederiksen 1981) . Support for the existence of speciesspecificity in infections by P. pneumotropica and related bacteria in mice and rats, comes from van der Schaaf et a1. (1970) who unsuccessfully tried to infect the conjunctiva of mice with pus from abscesses caused by P. pneumotropica in rats and broth cultures of the bacterium. Further support comes from Nakagawa & Saito (1984), who found antigenic differences between mouse and rat strains of P. pneumotropica and from the finding that P. pneumotropica from mice haemagglutinated human and dog red blood cells, contrary to P. pneumotropica from rats (Boot et ai. 1993a ). To bridge our present findings and the concept of speciesspecificity of pasteurellosis, we speculate that uninfected mice and rats can become colonized by a variety of Pasteurellaceae strains, but if simultaneously or sequentially infected by more than one strain, will be preferentially colonized by the 'best fitting' strain. As a result, mice will be found colonized by 'mouse'-strains and rats by 'rat'-strains of Pasteurellaceae. Further research is in progress to elucidate
